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Curcumin (diferuloyl methane, Chart 1) is a major constituent found in the spice tumeric, which is a dried powder from the rhizomes of Curcuma longa L. Several in vitro and in vivo studies demonstrated suppression, retardation, or inversion of carcinogenesis. [1] [2] [3] Furthermore, it also exhibits anti-inflammatory, antioxidant, antiviral, and anti-infectious activities and wound healing properties. [4] [5] [6] [7] [8] Inhibition of arachidonic acid metabolism by curcumin has been suggested to be a key mechanism for its anticarcinogenic action. The enzyme cyclooxygenase (COX) catalyzes the first two steps in the biosynthesis of prostaglandins (PGs) from the substrate arachidonic acid. At least two forms of this enzyme exist. 9, 10) One of these forms, COX-1, is constitutively expressed and is responsible for maintaining normal physiologic function and the PGs produced by this enzyme play a protective role. The other known form of the enzyme, cyclooxygenase-2 (COX-2), is an inducible form and its expression is affected by various stimuli such as mitogens, oncogenes, tumor promoters, and growth factors. 10) COX-2 has been detected in various tumors and its role in carcinogenesis and angiogenesis has been well documented. Therefore, COX-2 is thought to be a promising therapeutic target for cancer. However, current clinical studies of a COX-2-selective inhibitor, rofecoxib (Vioxx), for preventing recurrence of colorectal polyps in patients with a history of colorectal adenomas were discontinued and the drug was withdrawn from the market because its use was associated with an increased incidence of cardiovascular events, such as heart attack and stroke. 11) Very recently, experimental results have also indicated a possible involvement of the other isoform of COX, COX-1, in angiogenesis, thereby providing the rationale for the development of selective COX-1 inhibitors. 12, 13) These data were also confirmed by in vitro studies in isolated ovine COX-1 and COX-2 enzymes which showed that curcumin and its analogues tetrahydrocurcumin and trimethoxydibenzoylmethane had significantly higher inhibitory effects on the peroxidase activity of COX-1 than that of COX-2.
2) Furthermore, a recent report by Gupta et al. 14) has also indicated that COX-1 is overexpressed in a significant number of ovarian cancers. We therefore investigated whether novel curcumin analogues might achieve an even better and more selective COX-1 inhibition than curcumin. Thus, seven analogues of curcumin were synthesized using standard chemical methods. Each analogue (except the intermediate 2) was then tested for COX-1 and COX-2 inhibition in an in vitro model and the resulting inhibition values compared with that of the clinically established selective COX-2 inhibitor celecoxib. Also molecular docking studies were performed to investigate the ligand-protein interactions responsible for the biological data found.
Results and Discussion
The chemical synthesis of the curcumin analogues was carried out following two known pathways. Their basic principle is the same, but they differ in technique, reaction time and temperature. Generally, the first step was the reaction of acetylacetone with boron oxide building a boron complex, which inhibited an unpleased Knoevenagel reaction. After addition of a corresponding benzaldehyde and a base, the condensation of the acetylacetone-boron complex with the aldehyde and an additional elimination occured; eventual heating with dilute acid cleaved the boron complex to give the desired curcumin analogues (Chart 2).
Method 1, decribed by Mazumder et al. 15) was successful in poor yields for compounds 2 and 7. Method 2, first described by Pabon, 16) was used for the other molecules ending up in poor yields, too. Study of the literature concerning the synthesis of curcuminoids pointed out difficulties, since only some derivatives seemed to be accessable quite well. The yields ranged from about 50% shown only for methoxy-derivatives to poor yields for p-(dimethylamino) (36%) or ofuryl derivatives (8%), respectively, 15, 16) and so we tried to improve our pathways. Exact analysis of our syntheses revealed that the volume of n-butylamine plays an important role in this kind of reaction and thus, in case of molecules 1 and 4, its quantity was reduced to obtain the desired compounds in a somehow acceptable yield.
Inhibition of COX-1 and COX-2 by curcumin analogues was then analyzed in a cell-free immunoassay system. Purified ovine enzyme served as the source of COX-1, while the human recombinant enzyme formed the source of COX-2.
The inhibition of COX-1 by curcumin analogues (compound 2, an intermediate, was not tested) is shown in Table 1 . All compounds tested demonstrated a several-fold higher inhibitory activity than curcumin itself (COX-1: IC 50 ϭ50 mM, COX-2: IC 50 Ͼ100 mM).
2)
In detail, the results showed that all our curcumin derivatives had a preference towards COX-1 isoenzyme not depending on the substituent of the molecule. Even compound 3 bearing a methylsulfonyl group, which can be found in some COX-2-selective compounds, exhibited an distinct affinity towards COX-1. Nurfina et al. 7) postulated that, besides olefinic double bonds, a 4-hydroxyl group at the phenyl ring of curcuminoids was essential for an antiinflammatory effect. Also position 3 of the aromatic ring played an important role for the pharmacoloigal profile, since bigger 3-alkyl groups (like tert-butyl) lead to inactive molecules, whereas lower alkyl and especially 3,5-dialkyl-substituents showed high oedema inhibiting activity. Selvam et al. 17) calculated docking studies with curcumin and some derivatives, which revealed that these compounds could dock into the active site of only COX-1. In case of the COX-2 enzym complex only curcumin itself interacted with the enzyme, but no hydrogen bonding interactions were detected for the other molecules. Thus we chose derivatives without hydroxy groups but lipophilic and mainly polar groups to check possible SAR concerning COX-1 interaction.
The data are presented in this paper (Table 1) , where all novel curcumin derivatives showed a distinct affinity towards COX-1 isoenzyme. The corresponding IC 50 values reached from 2.68 mM (compound 3) to 0.05 mM (compound 6) including selectivity indices (IC 50 (COX-2)/IC 50 (COX-1)) from 4.5 for compound 7 to Ͼ2000 for compound 6. Especially the trimethoxy derivative 4 as well as the methyl ester 6 exhibited very pronounced and selective COX-1 inhibition (IC 50 ϭ0.06 and 0.05 mM, selectivity indices Ͼ1666 and Ͼ2000), whereas the other molecules showed just poor affinities and selectivities towards this isoenzym. However, also compound 3, bearing a methylsulfonyl group, a group found in some COX-2 inhibiting molecules, had weak effects on COX-1 but almost none towards COX-2 (IC 50 (COX-1)ϭ2.68 mM, IC 50 (COX-2)Ͼ100 mM, selectivity index Ͼ37). The other molecules exhibited only little COX-1-effects and selectivities with IC 50 values ranging from 0.33 to 2.68 mM and selectivity indices from 4.5 to 38, respectively. In order to better understand the anti-inflammatory activities of compounds 1, 3, 4, 6 and 7 we performed a molecular docking analysis. We tried to understand the ligand-protein interaction responsible for the perceived COX-1/COX-2 inhibitory data. Docking conformations of compounds 1, 3, 4, 6 and 7 were created by a systematic conformational search with the MMFF94x as implemented in MOE. Each rotateable bond of the heptanoid part of the compounds was assigned a 60°rotation increment. Rotateable bonds of substituents of the phenyl rings were assigned a 30°rotation increment. All resulting conformers were subjected to full energy minimization using the MMFF94x force field to a gradient of 0.05 kcal/mol. Conformers having an energy of 15 kcal/mol above the lowest energy found were not taken into consideration. Duplicate entries in the resulting conformer database were discarded using a RMS filter of 0.1 Å. This resulted in databases of 3000 conformers on average. From these databases 1500 conformers were selected based on the dissimilarity of their internal coordinates. The resulting conformer databases were used as starting structures for a rigid docking simulation. We used the simple grid energy scoring function to score the docked conformations as implemented in program Dock 6.0. Partial charges where calculated semi-empirically using the AM1 hamiltonian. From the docked conformations only the best scored conformation was retained. The complexes were subsequently energy minimized using force field MMFF94 to a gradient of 0.05 kcal/mol and were rescored using the same grid. All compounds could be docked into the active site of 1PGG successfully. The individual grid scores are shown in Table 2 . All compounds showed hydrogen bond interaction to the 1PGG protein. The exact numbers of hydrogen bonds can be seen in Table 3 .
The active site of 1PGG is considered to be constituted of the amino acid residues ARG120, SER530, TYR385 and GLU524.
18) 1, 6 and 7 exhibited a very good DOCK 6.0 grid score showing favorable van der Waals interactions. Compound 1 showed two hydrogen bonds. The two carbonyl oxygens were acceptors for hydrogen bonds forming from ARG83 (NH1). The O-N distance was found to be 3.09 and 2.51 Å; the O-H distance was found to be 2.38 and 1.52 Å, respectively (Fig. 1) . Although compound 3 and 4 exhibited only moderate to weak interactions calculated with DOCK, they show a tight hydrogen bond network. 3 is able to build three hydrogen bonds to 1PGG. These hydrogen bonds are formed by ARG83 and the sulfonyl oxygen of 3 with a bond length of 1.52 Å, ARG120 NH1 and the carbonyl oxygen of 3 with a bond length of 1.51 and ARG120 NH2 and the car- bonyl oxygen of 3 with a bond length of 2.32, respectively (Fig. 2) . Compound 4 exhibited three hydrogen bonds to the 1PGG protein. These hydrogen bonds were formed by ARG120 and the methoxy group of 4, TYR355 and the carbonyl oxygen of 4 and SER530 and the second methoxy group of 4. The calculated bond length were 1.59 Å, 1.43 Å and 1.79 Å respectively (Fig. 3) . We think that this accounts for the low observed IC 50 of compound 4. Compound 6 showed an excellent electrostatic and steric interaction with 1PGG and could build two hydrogen bonds with 1PGG (Fig. 4 ). These were formed by TYR355 and one of the carbonyl oxygens and SER530 and the other carbonyl oxygen of the heptanoid part of 6. The bond length were 1.53 Å and 2.38 Å respectively. Four hydrogen bonds were formed by compound 7 (Fig. 5) . Three hydrogen bonds were formed with amino acids of the active site of 1PGG ARG120, TYR385 and SER530. One hydrogen bond was formed with TYR355. The hydrogen bond lengths were 1.24 Å, 1.86 Å, 1.99 Å and 1.47 Å respectively. All five compounds used for docking showed a good van der Waals interaction with 1PGG. One of the phenyl rings of compound 1 was surrounded by GLU524, ARG120 and PHE470. The heptanoid part of 1 was surrounded by ILE89, ILE115 and VAL119. The second phenyl ring was surrounded by LEU93, TRP100 and LEU112. The deeper buried phenyl ring of compound 3 is surrounded by the active site amino acid residues SER530, TYR385, LEU352 and ILE523. The heptanoid part of 3 was surrounded by GLU524, ARG120 and VAL116; the second ring of 3 was surrounded by ILE89 and ARG83. Similar trends were observed for the other compounds under investigation. After docking simulations with 1PGG (COX-1) we tried to dock the compounds considered in the first simulation into the active site of 4COX (COX-2). The active site of 4COX is considered to be formed of the amino acid residues TYR385, that is supposed to abstract one hydrogen from the substrate, SER530, which is acetylated by acetylsalicylic acid and HEME. 19) All compounds except 4 could be docked into the active site of 4COX with a reasonable steric and electrostatic interaction. As a test compound, we docked the co-crystallized ligand indomethacin into the active site of 4COX. The results can bee seen in Table 4 . Indomethacin showed the best electrostatic and steric interaction scores and the tightest hydrogen bond network with the active site (Fig. 6) . Indomethacin formed hydrogen bonds between ARG120, TYR355 and SER530 with bond length of 1.33, 2.46 and 2.26 respectively.
The hydrogen bonds formed by the curcumin analogues complexes considered in this work and 4COX were much longer than those of the respective 1PGG complexes (Table 5 and Fig. 7) . We therefore argue, that this is the reason for the selectivity of the compounds under investigation.
In conclusion, we have demonstrated that our curcumin analogues were selective COX-1 inhibitors with submicromolar to micromolar IC 50 values and promising selectivities. Especially lipophilic and polar substituents on the phenyl ring, like methoxy or methyl ester groups improved the specifity of the compounds. The biological data were also confirmed by docking studies which revealed good van der Waals interaction and hydrogen bonding towards COX-1 isoenzym performed by our curcuminoid molecules. As this isoform is overexpressed in a significant number of cancer cells and tissues our present results may yield in new candidate drugs for the treatment of these tumor entities.
Experimental
Chemistry Melting points were determined on a Kofler hot stage apparatus and are uncorrected. The following compounds were synthesized via two different pathways. Method 1 15) : In a dry three-necked flask acetylacetone (5 mmol, 0.51 ml) and boron oxide (3.5 mmol, 0.244 g) were solved in absolute ethyl acetate and stirred for 30 min at 40°C. Then the corresponding aldehyde (10 mmol) and tributyl borate (10 mmol, 2.4 ml) were added and stirred for another 30 min. N-Butylamine (quantities given below) was solved in dry ethyl acetate and then added over a period of 15 min. The mixture was heated to 40°C for 24 h. Then 5 ml of HCl (10%) were added and heated to 60°C for an additional hour. The aqueous phase was extracted with ethyl acetate several times, the organic layers were dried over Na 2 SO 4 and the solvent distilled off. An unsoluable precipitate (part of the product) was filtered off and recrystallized with the residue from various solvents. Method 2 16) : In a dry three-necked flask acetylacetone (5 mmol, 0.51 ml) and boron oxide (3.5 mmol, 0.244 g) were solved in 5 ml absolute ethyl acetate and heated to 75°C for 1 h. The corresponding benzaldehyde (10 mmol) and tributyl borate (10 mmol, 2.4 ml) were mixed with ethyl acetate, stirred for 45 min and then added to the solution. The mixture was heated to 100°C for 1 h. Then n-butylamine (quantities given below) was solved in 5 ml ethyl acetate and 3.85 ml of this solution were added drop-bydrop over a period of 90 min. The reaction was stirred for 18 h at 85°C and then cooled to 60°C. Then 5 ml of a HCl solution (10%) were heated to 50°C, added and the mixture was stirred at 60°C for 1 h. The solution was extracted three times with ethyl acetate, the organic layers were dried over Na 2 SO 4 and the solvent reduced to 7-8 ml. Two and a half milliliters ethanol were added, the solution was cooled overnight, then the precipitate was filtered off and recrystallized to obtain the purified product.
(1E,6E )-1,7-Di-(3,4-difluorphenyl)-1,6-heptadien-3,5-dione (1) The compound was synthesized from 3,4-difluorobenzaldehyde (10 mmol, 1.16 ml) and n-butylamin (2.5 mmol, 0.25 ml) following method 2. Crystallization from ethyl acetate/water (1ϩ1) afforded 0.066 g (3.8%) of a yellow solid; mp 137°C. (2) (2.5 mmol, 0.924 g) was solved in acetone; then oxone ® (10 mmol, 6.14 g) in 15 ml water was added and the mixture was stirred at room temperature for 24 h. After addition of 20 ml ammonia (10%) and stirring for an additional hour water was added, the precipitate formed was filtered off and washed with water. The yellow solid was solved in DMF and ethanol was added to isolate 0.278 g (25%) of the pure compound; mp Ͼ300°C.
1 H-NMR (DMSO-d 6 (1E,6E)-1,7-Di-(2,3,4-trimethoxyphenyl)-1,6-heptadien-3,5-dione (4) The compound was synthesized from 2,3,4-trimethoxybenzaldehyde (10 mmol, 1.96 g) and n-butylamine (2.5 mmol, 0.25 ml) following method 2. Purification was carried out with column chromatography (eluent toluene/ethyl acetate 8ϩ2) and crystallization from ethanol (80%) to afford 0.087 g (3.8%) of a yellow solid; mp 115°C. 
